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INSTRUMENTATION FOR MEASURING AND RECORDING

STREAMFLOW DATA AT RIVER-CONTROL STRUCTURES

By The Instrument Development Laboratory

ABSTRACT

The instrumentation described in this report was developed in
the mid to late 60's to resolve the dilemma of intolerably high
percentages of missing streamflow records on certain large and
highly-controlled streams in industrialized parts of the United
States. Analysis of the field situation at specific problem
sites quickly suggested that conventional stream—-gaging techniques
should be supplanted by new instruments, designed to measure key
hydraulic data at the nearest stream—control structures. The key
data were found universally to include some combination of a length
measurement to specify the vertical height of a gate opening in a
dam; measurement of pressure-head differential in a turbine; a
count of lockages; and precise measurement of time, to give one
master reference scale to which all measurements could be keyed.

The instruments designed to collect such key data are the
shaft position digitizer, the shaft output follower, the STACOM
manometer, the lock pressure switch, and the digital data collection
console. Although their design was prompted by the need to collect
data at river—control structures their potential for field use is
not that restrictive. Several of these instruments have already
found widespread use in the hydrologic data-collection program at
large.

In the 12-1/2 year period from June 1968 to December 1980
nineteen different river—-control structures were instrumented. The
general experience to date has been a marked improvement in
completeness of record, with the average performance somewhere in
the 80percentile range. Performance percentiles at individual
sites have ranged from the mid 90's to about 70. Maintenance
records show the instruments to be virtually trouble-free, except
for the unpredictable acts of nature and man.



INTRODUCTION

Work on the design and the establishment of a network of flow
measuring stations on streams throughout the United States can be
traced back at least to 1888 when the U.S. Geplogical Survey began
its formal assessment of the Nation's surfacerwater supply. One
tangible product in this assessment has been and continues to be
a series of periodic reports in which the strieamflow data for each
station for a specified period are assembled.

For a given station on a given stream the struggle for
completeness of record is unrelenting, as a number of factors
usually conspire to frustrate attainment of perfection. One such
factor suddenly grew in importance in the eayly 1960's when the
cumulative effects of industrialization and development along
certain large rivers in the United States invoked demands for
continuous streamflow records, especially during periods of low
flow. The particular missing-record factor related to difficulties
in gaging the sluggish low flows in streams highly controlled by
multiple dams, locks, power structures, and reservoirs. Symptomatic
of this problem is the example cited by Wires (1971) that for 7 key
gaging stations on the Ohio River, 40 percent of the daily discharge
records were not determined in 1962 and 1963,

With the normal streamflow measurement techniques -- using
appropriately-sloped open (uncontrolled) reaches of river —-- ruled
out, the only recourse, at the growing list of key stations plagued
with missing low-flow record, was to examine|the measurement
prospects at the nearest control structures.| This led to the
development of the instrumentation and measuring techniques summarized
in this report. The first successful prototype installation was in
June 1968 at Greenup Locks and Dam on the Ohjio River near Greenup,

Ky. By the end of 1980 the number of such Survey installations had
risen to nineteen.
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THE FLOW-MEASUREMENT PROBLEM

A survey of the variety of control structures built on
certain large rivers in industrialized parts of the United States
reveals that the problem of making an accurate stream—-discharge
measurement at any given structure can be overcome by deciding how
best to measure five principal types of flow. By paraphrasing from
Wires (1971) these types are identified as:

. Flow through controlled gates

. Flow through locks

. Flow through turbines

. Flow over dams and spillways

. Flow as leakage through the cited structures.

DS WN -

The measurement task for each type of flow is analyzed by drawing
upon well established fundamentals of hydraulics, which then enables
the complete specification of a stream—discharge-measurement
procedure for any combination of control structures.

Parameters to be Measured

Each of the cited five principal types of flow through river
control structures has been rigorously analyzed and the appropriate
mathematical expression developed to describe, in quantitative
terms, the flow regime. Results of this analytical work are pre-
sented in careful detail in two important papers by Wires (1971)
and Collins (1977). These provide the necessary foundation for
deciding just exactly what parameters must be measured to define
each flow type.

Flow Through Controlled Gates

On dam structures one of the largest and most commonly encoun-
tered flow-control devices is the Tainter gate (fig. 1) which rotates
about a horizontal steel axis whose two ends bear in steel trunnions
on concrete or steel support structures downstream from the spillway
crest. In its closed position the full weight of the gate forces
the lower edge into a longitudinal seal that spans the entire width
of gate sill or spillway opening, thereby minimizing the leakage
and limiting it primarily to the two gate ends. In operation the
radial movement of the Tainter gate permits an infinite number of
settings between the closed and wide-open positions. Thus a key
parameter to be measured for any setting is the gate opening (fig.
1) which means the clear vertical distance from gate sill (spillway
crest) to lower edge of gate. Although this cannot usually be
measured directly it can be determined indirectly through the fixed
geometry and dimensions of the gate, and observations on an
arbitrarily selected visible reference point (R.P.) thereon.
Corollary parameters that must be measured are headwater and
tailwater elevations, respectively, (fig. 1) referenced to a
convenient common datum such as the gate sill. All of the foregoing
measurements must be keyed to a common and precise time scale.
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Despite a variety of other gate types, each one of which may
exhibit some unique feature(s), the flow measurement task generally
devolves, as noted for the Tainter gate, into the precise determina-
tion of parameters involving heads of water at specified points,
gate size and geometry, and elapsed time. The only factor omitted
in the discussion thus far is the numerical coefficient in the
appropriate mathematical equation that allows correct computation
of the volumetric rate of flow through the gate opening. This
coefficient is really a "calibration” factor and although some
theoretical definition can usually be given to its makeup, its
final and precise determination rests upon volumetric flow measure-
ments over a range of flow conditions at the particular gate.

Flow Through Locks

The operation of a set of locks is a mechanical exercise
analogous to emptying and filling a container whose dimensions (and
hence volume) can be specified. The critical dimensions are
obviously the plan area of the lock and the difference —- whenever
a lockage occurs ——- between headwater and tailwater elevations,
referenced to a convenient common datum such as the lock sill. The
key parameters to be measured, therefore, for any given lock, are
the headwater and tailwater elevations keyed to a precise time
scale, and the number of lockages keyed to arbitrary intervals
(say, one- or two—hour periods) on the same time scale. Out of
these measured data, combined with the known lock plan area, the
total volume of flow during the entire recording interval can be
computed and converted into average flow rates for any desired time
periods.

Flow Through Turbines

In the United States the use of hydropower to produce mechanical
energy dates back to the simple "wheels" used in streams or estuaries
by the earliest mills in the Colonies. OQut of these humble beginnings
evolved the sophisticated designs for the modern hydraulic turbines
which, coupled with electrical generators, now serve very efficiently
to convert hydropower into much needed electrical energy. 1In its
simplest conceptual form a turbine is just another device for con-
trolling the descent of water from a higher to a lower elevation.

The turbine form of control is exercised by requiring the water to
move through smooth precisely-built steel passageways that have no
abrupt changes in cross—sectional area. Mechanical energy is ex-
tracted from the mass of descending water as it moves through the
turbine propellor or runner at the lower end of the cited passageways.
Maximum overall efficiency is achieved by minimizing head losses

due to friction or turbulence.

The technique adopted by the Survey for measuring the volumetric
rate of flow through a turbine capitalizes on the foregoing control-
led flow enviromment and the fundamental hydraulics theory (see
Winter, 1934) available for its analysis. As with other control de-
vices, head parameters are found to be the key items to be measured.
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Where the precise shape and dimensions of the enclosed water

passageway can be defined (given by the turbine

manufacturer) it is

only necessary to measure the pressure head at two convenient points

along the flow path.

The head differential thus observed, keyed to

a precise time scale, is ‘a quantitative indicator of the flow

magnitude which is then computed through use of
mathematical equation.

the appropriate

The choice of suitable points for the pressure-head measurements
is commonly taken on the turbine spiral or scroll steel case where
the venturi effect along the flow path, as the passageway cross-
sectional area steadily shrinks, produces clearrcut head differentials.

Again, as in the discussion on gates, the equation for comput-
ing the flow contains a numerical coefficient that is really a "cal-

ibration" factor for the particular turbine.

Although it is given

by the turbine manufacturer it is verified through currentmeter

measurements at a downstream cross section, for
conditions at the dam site.

Flow over Dams and Spillways

a range of flow

From countless worldwide hydraulic experiments on laboratory
models and field prototypes there exists today in the hydraulics
literature a wealth of mathematical equations that quantitatively

describe the volumetric rates of flow of water
of all shapes and sizes under almost any conceil
conditions. For the range of field conditions e
ing the instrumentation described in this repor
equations may be generalized in a single relatij
This, as might be surmised, requires the measur

pbver weirs and dams
vable set of flow
nvisioned in develop-
t the pertinent flow
vely simple form.
ement of only two

key parameters —-- namely, headwater and tailwater elevations

referenced to the elevation of the dam or spillway crest -- that

are keyed to a common and precise time scale. |
the tailwater elevation does not enter into the
dam becomes "submerged,” and by definition this

tailwater rises above the dam or spillway crest

In common with the previously described fl
mathematical equation contains a numerical coef
correct computation of the volumetric rate of f
coefficient may be closely determined by matchii
characteristics of the given dam or spillway wi
the hydraulics literature, its final and precise¢
field "calibration” exercise based on current-me
over a range of flow conditions.

Flow as Leakage

As intimated in the preceding sections leal
certain flow conditions, through most river-cont

As a matter of fact

equation unless the
occurs only if the

pw situations the
Ficient that allows
low. Although this
ng the physical

th reference data in
> determination is a
>ter measurements

rage can occur, under
trol structures. The

challenge in measuring this type of flow usuall
the particular combination of control structure
site.
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The measuring challenge does generally devolve, however, into

relates uniquely to
at a given river




a field calibration or rating exercise, whether it be for the
entire combination of structures or for individual components (such
as a single gate). No new parameters need to be measured inasmuch
as the rating exercise yields leakage flow expressed in terms of
those parameters already described, the principal ones being head-
water and tailwater elevations and gate openings.

DEVELOPMENT OF THE INSTRUMENTATION

In confronting the design task for instrumenting river—-control
structures, so that they could become a useful part of the stream
gaging station network, the developmental plans required a conscious
decision on the particular scientific avenue to be explored. Several
avenues were available, in the mid-1960's when the work began, but
the one chosen involved the use of electromechanical devices linked
to the physical movement of gates and water surfaces.

From the discussion of "Parameters to be Measured” it becomes
obvious that the overall task can be generalized as involving only
four basic types of measurement, namely:

1. Monitoring gate openings or settings.

2. Monitoring fluctuations of water-level elevation.

3. Monitoring (counting) lockages.

4. Monitoring fluctuations of pressure-head differentials.

Implicit in "monitoring” is the requirement for all observations to
be keyed precisely to a common time scale.

The need to monitor gate openings led to the practical
realization that through the physical linkage of the gate-hoisting
mechanism it would only be necessary to monitor, say, the rotation
of a suitable shaft in that mechanism. This in turn led to the
conception, design, prototype fabrication, and successful field
installation of the shaft position digitizer (SPD) instrument.

The need to monitor water—level fluctuations at control-
structure sites where conventional gage-house stilling wells often
were not feasible or cost effective led to the conception, design,
prototype fabrication, and successful field installation of the
shaft output follower (SOF) instrument.

The need to count lockages led to the very simple and direct
solution of mounting on the lock wall or cavity, at the approximate
midway or mean water-level position (midway between average headwater
and tailwater elevations), an electrical switch that closes to
register one count when the water pressure dissipates as the lock
empties. Such a lock pressure switch can actually be rigged, as the
need arises, to register a count when a lock either empties or
fills or both.

The need to monitor pressure-head differentials could have
been approached by using commercially available recording manometer
devices. However, special problems of maintenance and calibration



arise through the Survey requirements for overall precision in
computing the streamflow data, and for minimizing missing-record
periods even though the instrument site may be unattended much of
the time. This led, therefore, to the conception, design, prototype
fabrication, and successful field installation of the stabilized
and temperature compensated manometer, now termed the "STACOM"
manometer. This particular instrument is now widely used at many
stream—gaging stations throughout the United States, and in this
application it simply monitors how the strea$ stage (water level)
changes with time. When used in this manner the STACOM manometer
is functioning as an alternate for the SOF unit.

Finally, it was recognized that at any given river-control-
structure site the eventual streamdischarge|computations would
entail appropriate use of each of the foregoing individual suites
of measurement data peculiar to that site. hose computations
would be expedited if the mix of data suites|unique to the site
was combined in one neat and compact record.| This need led, there-
fore, to the conception, design, prototype fabrication, and success-
ful field installation of a conveniently located console unit,
termed a digital data collection console, which could be program-
med to interrogate, in a specified sequence and time interval, the
individual data collection points in use at the site.

Although the foregoing instruments were|developed specifically
in response to needs at river control structures, and were first
used to satisfy those needs, they obviously have potentials for a
much broader range in use. This is exactly what has occurred
already with the STACOM manometer, which is now being used at a
modest variety of stations throughout the Survey network and is
therefore stocked at the Hydrologic Instrumentation Facility (HIF)
warehouse as a standard item of Survey equipment. For the other
instruments detailed drawings and specifications are on file at the
HIF to anticipate future requests for the information needed to
commission suitable commercial fabrication aﬁd supply.

\

Shaft Position Digitizer {SPD)

This electromagnetic device is the braipchild of two Survey
employees, Harold 0. Wires (dec.) and Samuel |[E. Rickly (ret.). It
is described and illustrated in great detail lunder U.S. Patent No.
4,010,464 dated March 1, 1977. Only limited explanation and
illustration are therefore deemed appropriate in this report.

The shaft position digitizer (SPD) is housed in a sturdy
rectangular metal case (see fig. 2) about 10 in. long, 6 in. wide,
and 4-1/2 in. deep, which is fitted with a rybber-gasketed removable
cover. A 2-inch-diameter window in the cover allows direct reading
of a 4-place mechanical counter. The only feature external to the
case is a chain sprocket mounted on the protruding end of an input
shaft which is journaled in the two sides of|the case. This permits
linkup, via chain drive, to a similar chain sprocket on the main
shaft of the gate hoisting machinery. Weight of the SPD unit is
7-1/2 1bs.
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unit, and also feeds into the remote-display unit. Thus the .
complete measurement coming from the digitizer just interrogated
is simultaneously recorded and displayed.

When the digitized measurement has been punched on the recorder
tape, the programmer (card 21) is cleared +- through control logic --
to return to step 1 and send its second coded signal to the multi-
plexer (card 13). Thus steps 1 through 5 are repeated for the
second assigned digitizer. That 5-step proéocess reiterates until
the measurements from all digitizers have been recorded, whereupon
the programmer (card 21) waits until the clock (card 1) triggers
the next start pulse for the next interrogation cycle.

The first few console units set up at|river—control structures
were designed and built without the multiplexer and data-buffer
components (cards 13 and 17). ‘It quickly became evident that
repeated failures (record losses) were being caused by electrical
transients in the long (thousands of feet)|data lines. These lines
tend to act as antennas, and because riverscontrol structures are
generally high and well exposed the opportunity for lightning
strikes is great. Lightning-induced transients in the data lines
could and did destroy unprotected integrated circuits on the
electronic cards in the console units.

Two redesign steps were taken to minimize the foregoing
problems. First, the multiplexer and data-buffer components (cards
13 and 17) were introduced, which immediately isolated the long
data-relay lines from the integrated circuits in the console unit.
Second, the direct current power supplies were split so that one
powers only the datarelay lines for the brief interval during which
they are being interrogated, and the other |powers only the circuits
in the console unit. All installations now feature these redesign
steps, and the incidence of failures from lightning-strike transients
has been significantly reduced.

\
RIVER-CONTROL STRUCTURES INSTRUMENTED

In the twelve—and-a-half year period firom June 1968 to December
1980 nineteen river-control structures were instrumented. Those
structures and their locations are listed in table 2, and all in-
strument systems except one continue in service (1983). No two
systems are alike, prinicpally in the sense that the number of
measuring instruments (digitizers) installed at a single river-con-
trol structure ranges from a low of 4 to a high of 17. This numer-
ical spread reflects primarily the differences in number of tainter
gates at one control structure versus another.

Paramount among other differences in the nineteen individual
instrument systems is the range in length of data-relay lines that
link the console unit to the respective digitizers. The shortest
lines tend to be at river structures with flew tainter gates, in
which cases the principal distances are to |the points selected for
headwater and tailwater measurements —— usually of the order of
1,000 to 2,000 ft. The longest lines, then, are at the river
structures with the large numbers of taintdr gates, in which cases

26
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the distance numbers may mnearly double.
foregoing spread in distances is at Gaiunsville

One exception to the

» Alabama, where the

console unit is housed at the lock, which is over a mile from the

dam and its five tainter gates.

CONCLUSION

Short of a full-blown and exhaustive investigation into the
service history of each installed instrument system, the general

statements that emerge from field-maintenance

attainment of about an 80-percent level (overa
completeness of record. At several installati
percentage has held in the mid-nineties range;
reported percentage dropped below 70.

On the whole, the maintenance problems th
electronic or mechanical —-- seem to be charact
unpredictable "acts of nature” and man, rather
failures. This says much for the basic soundne
design and fabrication of the individual compo
a complete system.

The intrinsic nature of research and deve
luxury of dwelling on past accomplishments. N
being spawned, even as the "current model” of
or system is being built and fielded. As rema
dam-instrumentation system has proven, it is n
features that could be improved, were a new ge

personnel suggest

11 average) in

bns this performance
nowhere has the

at have arisen ——
prized by the

than outright

ss of the present
nents that make up

Lopment precludes the

ew ideas are continuously
an instrument component
rkable as the present

ot hard to identify
neration to be designed

today. A list of feasible improvements might well include:

1. Elimination of the long data-relay lines (prone to disruption
by nature and man) by substituting FM transceivers to
relay measurement data from each digitizer to the console
unit.

2. Elimination of STACOM manometers and SOF units by substituting
pressure transducers of comparable resolution.

3. Addition of simple safety monitors, keyed to such significant
factors as dam integrity and critical water levels, to
enhance the overall utility of the installed instrument
system.

4. Addition of a microprocessor which could calculate the
flow value on site.

5. Addition of telephone and data-collection—-platform capability

to allow remote interrogation of read

In the several scientific fields that sup
fabrication of instruments like those describe
state—of-the-art advances hold considerable pr
developments. The economy and budget constrain
quickly those developments are realized and in
instrumentation system.
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